Abstract-Because of ever-higher operating frequencies and circuit integration, electromagnetic (EM) coupling effects are becoming increasingly important in microwave integrated circuits. Existing EM-based numerical methods can generate accurate models for passives but suffer from high computation time and memory requirements, while fast table look-up models and equivalent circuit models do not adequately include distributed EM coupling between adjacent components. Using simple network theory principles and de-embedding concepts, the proposed technique allows fast and efficient computation of such coupling, making the design more reliable.
Parasitic electromagnetic (EM) coupling is becoming more of a concern in microwave integrated circuits (MIC) as packing densities of components are increased and frequencies are pushed higher [1] . Although such unintended coupling between components plays an important rule in the circuit performance, this quantity is very complex to evaluate. In the recent years, several techniques in bringing this forward into the circuit design space has been investigated [2] [3] [4] [5] [6] [7] . Mainly based on the resolution of Maxwell's equations to quantify the EM field in a structure, these numerical methods generated advanced fullwave EM simulation tools [8, 9] that have demonstrated their efficiency in terms of accuracy, but still require huge computation time and memory space. This aspect is crucial when modern CAD tools lead to massive and highly repetitive computational tasks during simulation, optimization and statistical analysis. As such, development of fast and full EM representations with high-order coupling is crucial for modern circuit design. Furthermore, existing passive EM-based models suffer on an important lack at the circuit level. In fact, even if such device models are accurate, they are developed in a perfect shielded environment, i. e., excluding any external effects such as coupling from neighboring components. This paper introduces a fast and accurate technique that efficiently integrates interactions between two circuit elements in microwave circuit simulators. Using basic network theory concepts and de-embedding techniques [10] , this original approach allows efficient evaluation of parasitic coupling during design. Applications using EM and circuit commercial simulators are presented. 
PROPOSED APPROACH
As shown in Figure 1 , we defined different couplings according to the passives we considered. Then, we used network properties to incorporate such couplings into a circuit design cycle. For illustration, let us consider two devices A and B connected in series via an interconnect I (Figure 2 (a)) and let
Introducing coupling will lead to the modified circuit shown in Figure 2 (b). Thus, the procedure for characterizing the sub-networks EM1 and EM2 in the modified network was to compare the following T -matrices
The 
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Step 3 Repeat step 2 for all two-by-two combinations as defined in Figure 1 .
Step 4 Measure all two-by-two combinations of the components to obtain [T ACI ] and [
Step 5 Measure [T T with coupling ].
Step 6 Use (2) to get [T T without coupling ].
Step 7 Use (1)- (7) This simple de-embedding technique was extended first to a three-port network (Figure 3 ) by implementing the connection matrix technique [11] into a symbolic computation tool [12] , and then, generalizing to an N -port network [13] . Steps 1 to 4 were achieved off-line to create a library of T -matrices, while steps 5 to 7 depend on the device under test. Fundamentally, this library of all two-by-two component combinations was a set of neural models of passives generated by different EM simulators [8, 9] and then plugged into a circuit simulator [14] . The neural inputs were the passive geometrical/electrical parameters while the outputs are the S-parameters for a 1-80 GHz frequency range [5] . The library could be updated depending on the circuit element parameters. 3. EXAMPLES
Series RLC Circuit
The first example is a simple series RLC circuit ( Figure 4 ). As shown in Figure 5 , our approach allowed obtaining very close results with original data generated in a 3D EM-simulator, i. e., HFSS [9] . The speedup in terms of computation time is significant, since our simulation was achieved in 2s while the required time in the 3D EM-simulator was 2860s. 
Chebyshev Band Pass Filter
To furthermore investigate the coupling effects, a more complex circuit, i. e., a 4th order band pass filter, was designed. As expected, the results showed a close agreement with the original ones ( Figure 6 ) with a significant reduction of the computation time ratio by 1/6000. 
DISCUSSION
The major advantages of the above method are accuracy, speediness, and simplicity. First, all neural models of passives were generated from accurate EM simulators, making the model response practically as accurate as the EM simulator outputs (the final testing errors of the different neural models never exceeded 2% while the testing error were less than 3% [5] ). Second, all T -matrix manipulations were derived using symbolic computation, excluding any approximation or simplification. Third, the codes can be implemented easily in any circuit simulator. Finally, even if the offline neural model generation took significant time, the on-line simulation of the above circuits, i.e., the user time, demonstrated the speediness of our approach in terms of computation time. In fact, the neural model generation was performed in one single step, making the trained models available in form of an internal library inside the circuit simulator for any circuit simulations and analyses.
CONCLUSION
An efficient approach for automatic modeling of parasitic coupling has been presented. Applied to various microwave integrated circuits, the proposed technique demonstrated its efficiency in terms of speediness and ease of usage. It helps making the design of microwave integrated circuits faster, more accurate and efficient, contributing to overall reductions in design cycles. The library of neural network models and the N-ports T-parameters internal codes can be subsequently used for the simulation and optimization of more complex microwave circuits.
